Introduction: HIV viral load (VL) testing is recommended by the WHO as the preferred method for monitoring patients on antiretroviral therapy (ART). However, evidence that routine VL (RVL) monitoring improves clinical outcomes is lacking. Methods: We conducted a prospective, randomized controlled trial of RVL monitoring every six months versus a targeted VL (TVL) strategy (routine CD4 plus VL testing if clinical or immunological failure) in patients starting ART between April 2011 and April 2014 at Bach Mai Hospital in Hanoi. Six hundred and forty-seven subjects were randomized to RVL (n = 305) or TVL monitoring (n = 342) and followed up for three years. Primary endpoints were death or WHO clinical Stage 4 events between six and thirty-six months of ART and rate of virological suppression at three years. Results: Overall, 37.1% of subjects were female, median age was 33.4 years (IQR: 29.5 to 38.6), and 47% had a CD4 count ≤100 cells/mm 3 at time of ART initiation. Approximately 44% of study events (death, LTFU, withdrawal, or Stage 4 event) and 68% of deaths occurred within the first six months of ART. Among patients on ART at six months, death or Stage 4 event occurred in 3.6% of RVL and 3.9% of TVL (p = 0.823). Survival analysis showed no significant difference between the groups (p = 0.825). Viral suppression at 36 months of ART was 97.2% in RVL and 98.9% in TVL (p = 0.206) at a threshold of 400 copies/mL and was 98.0% in RVL and 98.9% in TVL (p = 0.488) at 1000 copies/mL. In ITT analysis, 20.7% in RVL and 21.9% in TVL (p = 0.693) were unsuppressed at 1000 copies/mL. Conclusions: We found no significant difference in rates of death or Stage 4 events and virological failure in patients with RVL monitoring compared to those monitored with a TVL strategy after three years of follow-up. Viral suppression rates were high overall and there were few study events among patients alive and on ART after six months, limiting the study's power to detect a difference among study arms. Nonetheless, these data suggest that the choice of VL monitoring strategy may have less impact on patient outcomes compared to efforts to reduce early mortality and improve ART retention.
| INTRODUCTION
Routine HIV viral load (RVL) testing is recommended by WHO as the preferred approach for patients on antiretroviral therapy (ART) in low-and middle-income countries (LMIC) [1] . Compared to clinical or immunological monitoring, viral load (VL) monitoring has higher sensitivity and positive predictive value for the diagnosis of treatment failure [2] [3] [4] [5] . A targeted viral load (TVL) monitoring strategy, where VL testing is used to confirm suspected treatment failure based on clinical and/ or immunological criteria, can reduce inappropriate switching to second-line ART compared to immunological or clinical monitoring alone. However, as with clinical and immunological monitoring, TVL can delay treatment failure diagnosis and second-line switching and thereby increase the risk of disease progression, selection of antiretroviral drug resistance and HIV transmission [6] . RVL monitoring therefore enables more accurate and earlier detection of virological failure, allowing patients to switch to a second-line regimen at higher CD4 cell counts and before the accumulation of drug resistance mutations [7, 8] .
The extent to which RVL monitoring improves clinical outcomes and reduces mortality is less certain. Some observational and modelling studies have suggested that VL monitoring may reduce opportunistic infections (OIs) and improve survival [9] [10] [11] . However, three randomized clinical trials, conducted in Uganda, Zambia and Thailand, have failed to demonstrate a difference in clinical outcomes with the addition of VL monitoring to immunological and/or clinical monitoring [12] [13] [14] [15] . A 2012 systematic review commissioned by WHO concluded that there was no difference in mortality or new AIDS-defining illnesses between clinical plus immunological plus virological monitoring and clinical plus immunological monitoring. The authors stated that further research was needed to create a stronger evidence base for HIV monitoring guidelines [16] . Prior to 2016, Vietnam's National HIV Guidelines recommended a TVL strategy with CD4 monitoring every six months and VL testing only when there were signs of clinical or immunological failure [17] [18] [19] . To generate data to inform the use of RVL monitoring in Vietnam, we conducted a prospective, randomized controlled trial of RVL monitoring versus TVL monitoring in a patient population starting ART in Vietnam. We hypothesized that RVL monitoring of patients on first-line ART in Vietnam would result in significantly higher rates of virological suppression and decrease the incidence of death or new or recurrent AIDS-defining illnesses within three years.
| METHODS

| Study design and population
The Virologic Monitoring in Viet Nam (VMVN) study was a prospective, randomized controlled trial of RVL monitoring versus TVL monitoring in a patient population starting ART between April 2011 and April 2014 at the outpatient clinic (OPC) of Bach Mai Hospital, a national level hospital in Hanoi, Vietnam. Participants were patients registered at the OPC who met the following inclusion criteria: (1) age ≥18 years old; (2) confirmed HIV infection; (3) eligible for ART according to criteria defined by Vietnam Ministry of Health (MOH) HIV guidelines [17, 18] ; and (4) ART-na€ ıve or off ART for at least three months prior to enrolment. Patients with a history of treatment failure or known resistance to first-line ART were excluded.
The sample size was calculated with a two-sided alpha of 0.05 and an 80% power to detect a 40% relative reduction in the primary outcome of death or new clinical Stage 4 event from six to thirty-six months after ART initiation. At the time of the study protocol development, it was reported that up to 28% of patients on ART in Hanoi did not achieve viral suppression [20] and that mortality in the Vietnam national ART programme was 17.2% over 36 months, of which half occurred after six months of treatment [21] . Based on these data, it was estimated that the primary outcome would occur in 24% of subjects in the control (TVL) arm. A 10% absolute reduction, or 40% relative reduction, in the primary outcome to 14% in the RVL arm was considered to be both clinically significant and a threshold that could potentially influence public policy. The calculated sample size of 578 was increased to a total of 650 to account for a dropout and lost to followup proportion of 10%.
HIV-positive patients who presented to the OPC for care within a common time frame (e.g. same month) were grouped together and initiated on ART at the same time for the convenience of counselling and follow-up. Each treatment group included between 10 and 20 patients. Consecutive groups of eligible patients were randomly assigned to either the control (TVL) or intervention (RVL) group. As the size of the groups varied, the total number of patients was not the same between the two arms. In total, 657 patients signed the consent form, but nine were excluded for not meeting all eligibility requirements. The remaining sample (n = 648) was randomized into the two groups. One patient in the control group died before ART initiation and was excluded.
Clinical management of patients in the study followed the Vietnam MOH HIV guidelines and the OPC's standard practice. The recommended first-line ART regimen was zidovudine, lamivudine and nevirapine for patients initiating ART in 2011 and 2012 [17] , and was tenofovir, lamivudine and efavirenz for those initiating ART after 2012 [18, 19] . Patients were seen in the OPC for clinical follow-up either monthly or every two months according to the discretion of the treating physician. Clinic protocol was monthly follow-up after initiation of ART and every two-month follow-up once the patient had been on ART for at least six months and was clinically stable with good adherence. The presence or absence of a VL test was not a criteria for determining the interval of follow-up. Study subjects received a quarterly study clinical exam with clinical screening for OIs. All subjects received CD4 count testing every six months. In the TVL arm, VL was performed only when the patient met clinical and/or immunological criteria for treatment failure per the Vietnam MOH guidelines [18] . Patients in the RVL arm received a VL every six months in addition to the CD4 cell count. Patients with a VL ≥1000 copies/mL received monthly adherence counselling sessions and a repeat VL after three months. If the repeat VL remained above 1000 copies/mL or if a genotype test showed drug resistance mutations, then the patient was considered for second-line ART. Genotype testing was not included in the Vietnam public ART programme at the time of the study implementation, but could be conducted if ordered by a clinic physician and paid for by the patient's own resources. Secondline ART regimens were tenofovir or zidovudine combined with lamivudine and lopinavir/ritonavir. At the end of three years of follow-up, patients in both arms had a VL test to determine the rate of virological suppression.
| Ethical considerations
The study was approved by the Institutional Review Board of Beth Israel Deaconess Medical Center (#2010P000334) in Boston, USA and the Ethical Committee of Bach Mai Hospital in Hanoi, Vietnam. All subjects provided written informed consent prior to study participation. The VMVN study was registered at www.clinicaltrials.gov (ClinicalTrials.gov identification number: NCT01317498). This study conforms to the ethical standards for human subjects research of the Declaration of Helsinki. 
| Variables, measures and definitions
| Study outcomes
The primary outcomes of the study were death or new/recurrent clinical Stage 4 conditions between six and thirty-sixmonths of ART, and VL suppression at the 36-month visit. Deaths were determined as AIDS-related or non-AIDS related by the study doctor. Determination of a clinical Stage 4 condition was based on review by an independent committee of experienced HIV physicians following the WHO diagnostic criteria for OIs [22] . To minimize potential bias, the committee was blinded to study grouping. VL results were not used to make the determination of new or recurrent Stage 4 condition. Only those events determined by the committee to have sufficient evidence for a clinical or definitive diagnosis of a new/recurrent Stage 4 event were considered to have met the criteria for a study outcome.
| Data analysis
Distributions of selected demographic characteristics and baseline clinical variables between the RVL group and the TVL group were presented and compared using either chi-square or Fisher's exact test for categorical variables, and two-sample t-test or nonparametric equality-of-medians test for continuous variables.
| Outcome 1: time to death or new/recurrent clinical Stage 4 condition
The survival time for a non-censored subject was the number of days from the ART start date to either the date of death or the date of a new/recurrent clinical Stage 4 diagnosis. A subject was censored if the subject dropped out of the study (e.g. transfer out, lost to follow-up (LTFU), study withdrawal, or discontinuation of ART) or if the subject was followed until 36 months and did not have a study event. LTFU was defined as no clinic visit for at least three consecutive months. Subjects switched to second-line ART without a clinical Stage 4 event were not censored and were included in the analysis as a non-event. Survival time for a censored subject was the number of days from the ART start date to the date of last clinic visit. Due to the small number of subjects with non-AIDS-related deaths, competing risks analysis was not performed.
As the monitoring of the study groups differed only from the time of the first RVL at six months, only patients who received ART for at least six months were included in the survival analysis. Deaths or other events (e.g. LTFU, transfer out, study withdraw, or drop out for other reasons) at or before six months of ART were excluded. Patients with a clinical Stage 4 condition occurring at or before six months of ART were included in the survival analysis but their Stage 4 event was not counted.
The product-limit Kaplan-Meier estimates were used to construct the survival functions for the two study groups. The log-rank test was used to test for the difference in these two survival functions. The proportional hazard assumption was tested using Schoenfeld residuals.
| Outcome 2: proportion of patients with VL
<400 copies/mL at 36 months Fisher's exact test was used to compare the proportion of patients with VL <400 copies/mL at 36 months between the two groups. We also calculated and compared the proportion of patients with VL <1000 at 36 months between the two groups. In addition, an intention-to-treat (ITT) analysis was used in which those who did not have a VL at 36 months due to death or other study event were considered as having a VL at or above the cutoff point.
All analyses were performed using Stata/SE 14.0 (Stata Corporation, College Station, TX).
| RESULTS
| Characteristics of the study participants
A total of 647 subjects were randomized to either RVL monitoring (n = 305) or TVL monitoring (n = 342) ( Figure 1) . Overall, 37.1% of the subjects were female, the median age was 33.4 years (IQR: 29.5 to 38.6) and the median baseline CD4 cell count was 130 cells/mL (IQR: 32 to 287). Table 1 presents the demographics and baseline clinical characteristics.
| Outcome 1: death or new/recurrent clinical Stage 4 condition
Fifty (7.7%) patients died during the study; 24 in the RVL arm and 26 in the TVL arm. Seven of the deaths were considered to be non-AIDS related. Thirteen patients had 14 new or recurrent clinical Stage 4 events. One patient had two Stage 4 events; one occurring before and one occurring after six months of ART. Two of the 13 patients with a new or recurrent Stage 4 condition died afterward. In addition, 80 patients did not complete the study; 13.4% (n = 46) in the TVL group and 11.2% (n = 34) in the RVL group respectively (p = 0.374). Reasons for not completing the study included transfer out (58.7%), LTFU (8.8%), study withdrawal (3.8%), and discontinuation of ART due to entry to jail or drug rehabilitation (28.7%). Of the 61 all-cause deaths or new/recurrent clinical Stage 4 events included in this analysis, 22 (36.1%) (sixteen all-cause deaths and six new/recurrent clinical Stage 4 events) occurred after six months of ART. Of these, twelve occurred in the TVL group (ten deaths, two clinical Stage 4 events) and ten in the RVL group (six deaths, four clinical Stage 4 events) (p = 0.823) ( Table 2) .
Fifty-seven patients were excluded from the survival analysis including 34 patients who died and 23 patients who left the study at or before six months of ART. Five patients who had a clinical Stage 4 event at or before six months of ART were included in the analysis but their Stage 4 event was not counted. Figure 2 shows the product-limit Kaplan-Meier estimate of the survival function. This analysis included all-cause deaths (n = 16) and new/recurrent clinical Stage 4 events (n = 6). The same analysis was carried out but with the exclusion of the four subjects whose deaths were non-AIDS related (n = 18). The survival analysis in both cases shows no statistically significant difference in survival functions between the two groups (p = 0.825, and p = 0.775 respectively).
| Outcome 2: proportion of patients with VL
<400 copies/mL at 36 months of ART Table 3 shows the proportion of patients with VL suppression at 36 months of ART at different VL thresholds. There were 517 patients who completed their 36-month visit (247 (80.9%) in the RVL and 270 (79.0%) in the TVL group). Viral suppression at a threshold of 400 copies/mL was 97.2% in the RVL group and 98.9% in the TVL group at 36 months (p = 0.206). Using a threshold of 1000 copies/mL, viral suppression was 98.0% in the RVL group and 98.9% in the TVL group (p = 0.488).
Results from the ITT analysis are presented in Table 4 . There was no significant difference in the VL suppression rate between the two groups at either cutoff point.
Twenty-nine patients (9.5%) in the RVL arm and nine patients (2.6%) in the TVL arm had at least one VL >1000 copies/mL at any point during the 36 months of follow-up. Overall, 15 patients switched to a second-line ART regimen due to virological treatment failure; nine in the RVL arm and six in the TVL arm (p = 0.313). The median time from treatment initiation to second-line switch was 13.3 months in the RVL arm and 14.9 months in the TVL arm (p = 0.833). Of the 15 patients who switched to second-line ART due to treatment failure, 13 completed the study follow-up period and 12 of the 13 had a VL <400 copies/mL at the 36-month visit. Among the 20 patients in the RVL arm with high VL that did not switch to second-line, twelve had a repeat VL <1000 copies/mL, one died, one stopped ART, one transferred out, and five had their high VL result at the final 36-month study visit. Among the three patients in the TVL arm with high VL that did not switch to second-line, one had a repeat VL <1000 copies/mL, and two had their high VL result at the final 36-month study visit. Retrospective testing of stored plasma samples from five of the nine patients in the TVL group with VL >1000 copies/mL during the study showed that RVL testing would have led to earlier detection of virological failure in four of the five cases (range: six to thirty months).
| DISCUSSION
We conducted a prospective, randomized controlled trial to evaluate the effect of RVL monitoring on clinical outcomes and survival among HIV-infected patients initiating ART at one of the largest HIV clinics in Vietnam. After 36 months of follow-up, we found no difference in mortality and rates of new or recurrent clinical stage 4 conditions compared to patients monitored with a TVL strategy. Viral suppression rates at 36 months of ART were greater than 97% and there was no difference between the two study arms. VL ≥400 cps/ml: 3 (1.1%) 342 on ART followed up 308 on ART followed up The WHO recommends RVL as the preferred strategy for monitoring patients on ART, with TVL as an alternative in settings with limited access to VL testing, although the recommendation is based on low quality evidence [1] . Many LMICs are currently in the process of scaling up of RVL despite technical, logistical and financial challenges [23, 24] . Our study was intended to generate data to assist policy makers in Vietnam and other LMICs with the scale-up of VL testing. Although we did not find a difference between the two monitoring strategies, our results should be interpreted with some caution. Among patients alive and on ART at six months, death or Stage 4 events occurred in only 3.7% of patients and more than 97% of patients had a VL below 400 copies/mL at 36 months. These outcomes are significantly better than those reported in previous studies in Vietnam [25] [26] [27] [28] , including reports of 8.1% mortality from six to thirty-six months on ART nationally [21] , and virological non-suppression of 28% in Hanoi [20] . The study's primary outcome, therefore, occurred at a rate much lower than was expected in both study arms, leaving the study underpowered to detect a difference in the primary outcome.
Our findings are consistent with data previously reported in Uganda [13, 15] and Thailand [12] . The Ugandan study compared clinical outcomes among patients with one of three monitoring strategies, including a clinical arm (weekly home visits), CD4 arm (quarterly CD4 cell counts and weekly home visits) and VL arm (quarterly CD4 cell count and VL testing and weekly home visits), over a median follow-up of three years. The study found no significant difference between the CD4 arm and the VL arm in the rate of new AIDS-defining events or death (adjusted HR = 1.23, 95% CI = 0.82 to 1.84) [15] . Following the initial analysis, individuals in the clinical arm were re-randomized to the other two arms and all participants were followed up for a median follow-up of 5.2 years [13] . Once again, no association was found between the monitoring arms and new AIDS defining events or death (adjusted HR = 1.19 for CD4-only vs. CD4-VL; 95% CI 0.82 to 1.73).
The Thai study compared a second-line switching strategy based on CD4-only monitoring versus VL monitoring [12] . The primary endpoint was clinical failure at three years, defined as Nonparametric equality-of-medians test. Pollack 25258 death, new AIDS-defining event, or CD4 count <50 cells/mm 3 . After three years of follow-up, the cumulative risk of clinical failure was 8.0% (95% CI 5.6 to 11.4) with VL monitoring compared to 7.4% (95% CI 5.1 to 10.7) with CD4-only monitoring; a difference which met the pre-determined non-inferiority criterion. At study completion, there were no differences in viral suppression or immune restoration between the two arms.
While evidence demonstrating mortality benefit of RVL monitoring is lacking, previous studies have shown that RVL monitoring results in earlier detection of virological failure, earlier switching to second-line therapy, reduced duration of uncontrolled viraemia, and less drug resistance at the time of failure compared to TVL [7, 8, 29] . In our study, we found that RVL testing would have resulted in earlier detection of virological failure in 80% (4/5) of patients in the TVL arm who had VL >1000 copies/mL during the study period (retrospective testing of plasma VL was not available for four patients). We also found that a greater proportion of patients with VL >1000 copies/mL in the TVL arm (6/9) switched to second-line compared to those in the RVL arm (9/29). In those that did switch, there was no difference between study arms in the median time from treatment initiation to second-line ART switch. Realizing the benefits of earlier detection depends on the application of appropriate interventions for patients with high VL results. For patients with VL >1000 copies/mL, Vietnam's National HIV guideline recommends monthly adherence counselling sessions and repeat VL testing after three months. Patients should be switched to second-line ART if the repeat VL, tested while ARVs are taken with good adherence, remain above 1000 copies/mL. Although we did not measure the compliance with or quality of adherence interventions for patients with high VL results, it is possible that earlier detection of virological failure in the RVL arm may have improved the chances of VL resuppression following the counselling intervention. Nonetheless, demonstrating a clinical benefit of earlier detection and intervention may not have been possible within the three-year follow-up period of our study.
Bach Mai Hospital is a tertiary level referral centre and is well known for providing a high quality of HIV care. In addition, adherence rates were high among patients in this study. Data collected every three months showed that only 2.2% of the patients were late or missed any follow-up visits in the last three months, and adherence to ART was recorded as good (taking >95% of doses) in the medical record in 97.8% of the patients. It is possible that a very high adherence rate may have contributed to good patient outcomes, minimizing the benefit of RVL monitoring. Several studies have evaluated the use of virological failure prediction tools using clinical and laboratory risk factors to select clinically stable patients who may be exempted from VL testing at RVL monitoring milestones [30, 31] . This approach to RVL monitoring may be more cost-effective in populations with low rates of treatment failure [32] .
The majority of clinical events in this study occurred before six-months of ART and before the first VL was indicated. Late presentation to care is a well-known risk factor for mortality. In our study, 66.3% of patients met criteria for advanced HIV disease (which is defined by the WHO as CD4 cell count <200 cells/mm 3 or a WHO clinical Stage 3 or 4 event) at the time of ART initiation. People with advanced HIV disease are at high risk of death, even after starting ART [33] . Additionally, despite the high viral suppression rate, more than 20% of patients failed using an ITT analysis. This suggests that earlier HIV diagnosis, use of enhanced OI prophylaxis, rapid initiation of ART, and efforts to reduce LTFU and improve ART retention may have more impact in patient outcomes than the particular approach to ART monitoring [34] [35] [36] [37] .
It is possible that a different VL testing schedule could lead to different results. A study from South Africa concluded that VL testing done at three months post-ART initiation is associated with better outcomes than VL testing performed at six months [38] . A VL at three months may allow for earlier detection of adherence problems. This may be particularly relevant as integrase inhibitors are increasingly being used in first-line regimens in LMIC and result in more rapid suppression of VL when compared to Efavirenz-based regimens [39, 40] . As discussed above, the major limitation of our study is that it was underpowered to detect a difference in the primary outcome between the two arms. At the time that the study was conceived, all first-line ART regimens in Vietnam contained one or more of the ARV drugs d4T, AZT and NVP; all of which have high rates of toxicities and side effects. All three drugs were removed from the recommended first-line regimen in Vietnam before the study ended. In addition, the number of patients on ART in the country more than doubled over the same time period. It may be that better tolerated ARV drugs, more experienced healthcare workers, and more resources devoted to HIV in the healthcare system led to better treatment outcomes, thus lowering the power of the study to detect a difference in clinical outcomes between the two study arms.
Our study has several other limitations. First, study participants were randomized by ART group rather than by individual. It is possible that the group randomization could have introduced bias. To reduce the risk of selection bias, clinic staff were blinded to the group assignments until after patients were assigned and ART was initiated. Notably, participant demographic and baseline clinical characteristics did not differ between the study arms. Second, we did not collect data on the interval of patient follow-up (e.g. monthly or every two months). It is possible that a difference in follow-up interval could have introduced bias. As a high VL result would have triggered more frequent follow-up, it is possible that monthly follow-up was more common in the RVL group. If that was the case, it could potentially have biased the results toward better outcomes for the RVL group. Third, our follow-up period was three-years following ART initiation. It is possible that a longer follow-up period may be needed to demonstrate the benefits of RVL monitoring. However, Okoboi followed their patents a median of 5.2 years and had similar findings to our study [13] . Fourth, genotype resistance testing was not performed for all patients with virological failure. As a result, we could not assess the impact of RVL on HIV drug resistance at the time of failure. Fifth, our study was conducted at a single hospitalbased OPC in Hanoi, considered to be a centre of excellence for HIV care in the country. The results, therefore, cannot be generalized to other clinical settings, such as those located in rural or mountainous areas of Vietnam where patient adherence may be worse and clinical outcomes more common. Finally, although unlikely, we cannot rule out the possibility that patients in the TVL group accessed RVL testing outside the study setting.
| CONCLUSIONS
In this study population, there was no significant difference in the rates of death, new/recurrent clinical Stage 4 events, or viral suppression in patients monitored with RVL every six months compared to those monitored with a TVL strategy after three years of follow-up. In our highly adherent patients managed at a national level HIV clinic, there were high rates of viral suppression and relatively few study outcomes among patients alive and on ART after six months. As a result, the study was likely underpowered to detect a difference in the primary outcomes between the two arms. The WHO recommends RVL for accurate and early diagnosis of treatment failure. Nonetheless, our data suggest that the choice of VL monitoring strategy may have less impact on patient outcomes compared to efforts to reduce early mortality and improve ART retention.
